The dominance of sexual reproduction is still an unresolved enigma in evolutionary biology. Strong advantages of sex have to exist, because only a few parthenogenetic taxa persist over evolutionary timescales. Oribatid mites (Acari) include outstanding exceptions to the rule that parthenogenetically reproducing taxa are of recent origin and doomed to extinction. In addition to the existence of large parthenogenetic clusters in oribatid mites, phylogenetic analyses of this study and model-based reconstruction of ancestral states of reproduction imply that Crotoniidae have reevolved sexuality from parthenogenetic ancestors within one of those clusters. This reversal in reproductive mode is unique in the animal kingdom and violates Dollo's law that complex ancestral states can never be reacquired. The reevolution of sexuality requires that ancestral genes for male production are maintained over evolutionary time. This maintenance likely is true for oribatid mites because spanandric males exist in various species, although mechanisms that enable the storage of genetically ancestral traits are unclear. Our findings present oribatid mites as a unique model system to explore the evolutionary significance of parthenogenetic and sexual reproduction.
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oribatid mites ͉ parthenogenesis ͉ spanandric males ͉ automixis ͉ ancient asexuals T he enigma of the evolution of sex comprises two processes, the origin and the maintenance of sex. Theories on the advantages of sex mainly refer to the improvement of the progeny's fitness in sexual populations despite reducing the overall number of offspring (1) (2) . Nevertheless, one of the enduring mysteries of biology is the prevalence of sexual reproduction in eukaryotes. Because parthenogenetic species do not waste resources in producing males (the now-classic ''two-fold'' advantage) and do not break up favorable gene combinations, they should rapidly out-compete sexual species in most environments (1) (2) . Why this is not true has been debated for decades, with so many answers having been proposed (3-5) that a second enigma has emerged: How could a few animal lineages have maintained parthenogenetic reproduction over considerable evolutionary time, avoiding extinction long enough to radiate and form monophyletic clades? The most studied examples of such ''ancient asexual scandals'' (1) are darwinulid ostracods (6), bdelloid rotifers (7), and several large clusters within oribatid mites (8) (9) (10) (11) .
Mites exhibit a bewildering array of genetic systems and reproductive modes (12, 13) , and parthenogenetic reproduction has evolved numerous times. Parthenogenesis is most common in Oribatida, a widespread and abundant group of soil invertebrates. An estimated 9% of species are parthenogenetic, which is one to two orders of magnitude higher than in other animal groups (8) . Most parthenogenetic oribatid mites are clustered in species-rich clades with no known sexual species, making each such clades an independent ''asexual scandal'' (8, 9, 11, 14) .
The pattern of reproductive modes is most varied in Desmonomata, a speciose group with an age of at least 100 million years (11, 15) , probably predating the break-up of Pangea (16) . Although most families in this group are either entirely parthenogenetic or sexual, there is also one with mixed reproductive modes (Table 1) (17) . All parthenogenetic species have a highly female-biased sex ratio, with most populations having Ͼ99% females, whereas sexual species comprise at least 30% males (14, 17) . Evidence of these patterns comes from culturing and population studies of a wide range of species throughout the world, representing most known genera (14, 17) . However, phylogenetic relationships among the sexual and parthenogenetic taxa have been addressed only superficially.
Of the sexual taxa, Crotoniidae are most puzzling (17) . The sexuality of these soil-and tree-dwelling mites may simply reflect the ancestral reproductive mode of Desmonomata, but unlike the other taxa, they are not globally distributed; their range is essentially Gondwanan (Table 1) . Also, they are morphologically similar to Camisia, a widespread and rather derived genus of the parthenogenetic Camisiidae. The Gondwana distribution and the morphological similarity suggest that Crotoniidae may have evolved from within Camisiidae and thereby reevolved sexuality. The regain of sex would contrast Dollo's law, which states that complex characters never reevolve once they are lost (18) . If true, the reevolution of sexuality in oribatid mites would be the first such reversal known in the animal kingdom and would add to the mystique of sex as ''the queen of problems in evolutionary biology'' (2).
We tested the hypothesis that sexuality reevolved in Crotoniidae by investigating its phylogenetic position among a wide range of sexual and parthenogenetic oribatid mites by using a combined data set of partial sequences of the ribosomal 18S region (18S), the heat shock protein 82 gene (hsp82), and the elongation factor 1 alpha gene (ef1␣).
Results
Phylogenetic analyses with neighbor joining (NJ), maximum likelihood (ML), maximum parsimony (MP), and Bayesian algorithms were based on a supermatrix with 2,897 base pairs and 30 taxa. All algorithms gave nearly identical tree topologies, which largely agree with those based on morphological data and earlier molecular studies ( Fig. 1) (9, 19, 20) . Although Desmonomata as a whole were paraphyletic, all internal taxa except Camisiidae were monophyletic. The sexual genus Novonothrus was basal in Nothridae, supported by high bootstrap and posterior probability values. ML and MP analyses of character evolution consistently assigned sexuality as the ancestral state of Nothridae (Fig. 2 ). By contrast, the sexual genus Crotonia clustered within Camisiidae, a large parthenogenetic family of Ϸ80 species, with Camisia being its sister-taxon. In this topology, four successive outgroups of Crotonia (two inside and two outside Camisiidae) are entirely parthenogenetic. Monophyly of Camisiidae/ Crotoniidae was supported by high bootstrap and posterior probability values (Fig. 1 ). ML and MP analyses of character evolution assigned parthenogenesis as the ancestral reproductive mode of the Camisiidae/Crotoniidae clade (Fig. 2) . ML analysis estimated the rates of loss and regaining of sex to be 0.12 under a symmetrical model of character evolution; under the asymmetrical model, the rate of loss was three times that of regaining sex (0.18 and 0.06, respectively). More biased assumptions for the loss of sex (5:1, 10:1) gave similar results (data not shown).
Results from phylogenetic analyses and the reconstruction of the ancestral states of reproduction support the hypothesis that Crotoniidae reevolved sexual reproduction from parthenogenetic ancestors and contradicts Dollo's law. Therefore, the loss of the complex process of sexuality likely is not irreversible in evolution.
Discussion
The atavistic resurrection of complex ancestral traits, contrary to Dollo's law, appears to be more frequent than commonly thought (21) (22) (23) (24) (25) (26) (27) (28) . Morphological examples include the reevolution of shell coiling in Gastropoda after 10 million years of absence (22, 23) , the reappearance of wings in several lineages of stick insects (24) , and the regaining of ancestral muscles in bowerbirds (25) . Life history examples include the reevolution of feeding larvae within a group of direct-developing species in the gastropod Crepipatella (26) and reversal to a free-living state in several parasites (27) . Atavisms are also present in humans (28) . Another example relates to reproductive biology; the plant Hieracium pilosella (29) reevolved sexuality but from a recent and narrow parthenogenetic lineage. The reevolution of sexuality in ancient parthenogenetic clusters of oribatid mites as suggested by this study is, to our knowledge, previously unrecognized in the animal kingdom.
Much of what has been written about large parthenogenetic clusters in oribatid mites has focused on Desmonomata (9, 10, 14) , especially Camisiidae, Malaconothridae, and Trhypochthoniidae. Our data support monophyly of species-rich parthenogenetic taxa within Desmonomata and therefore that parthenogenetic lineages of oribatid mites are not evolutionary ''dead-ends''; they have persisted and radiated to form clusters, e.g., the parthenogenetic genus Nothrus with 67 species. These lineages of oribatid mites join bdelloid rotifers and darwinulid ostracods (6, 7, 30) as ''ancient asexual'' groups, which challenge the view that sexual reproduction is indispensable for long-term survival and radiation of lineages. Adding to the ''scandal'' of ancient asexuals (1), the results of our study suggest that Crotoniidae have reevolved sex from parthenogenetic ancestors. Reevolution of sex likely resulted from changes in evolutionary forces. In contrast to Camisiidae which typically colonize soil organic layers, Crotoniidae species frequently colonize trees; soil collections may prove to be accidental for many species (31) . Generally, parthenogenesis predominates in oribatid mite communities in soil, whereas the bark of trees and mosses are colonized almost exclusively by sexual species (32, 33) . This dominance of sexuality suggests that sexual reproduction is necessary for coping with the more heterogeneous environment (tangled bank hypothesis; see ref. 34) or increased exposure to antagonists (red queen hypothesis; see ref. 35 ) in aboveground habitats. Furthermore, the reproductive mode is affected by the availability of resources. In soil, the permanent availability of resources (litter material and detritus) may explain the widespread occurrence of parthenogenesis (36) . Although Crotonia has changed to a treedwelling life cycle, the mode of reproduction may have changed accordingly.
How reversion from parthenogenetic to sexual reproduction occurred remains unclear. In animal taxa with cyclical parthenogenesis (intermittent mixis), pure bisexual reproduction can reevolve by the abandonment of the parthenogenetic part of the life cycle, but cyclical parthenogenesis is unknown in oribatid mites (14) . Reversion to sexual reproduction may be facilitated because transitions between different modes of reproduction exist in higher mite taxa (12) . The studied parthenogenetic oribatid mite species reproduce by automictic thelytoky in which the meiotic maturation division is followed by fusion of haploid nuclei to restore diploidy (37) . In automictic species, the reversion to sexual reproduction requires that the ability to produce males has been maintained during long evolutionary periods of parthenogenesis. Many parthenogenetic species of oribatid mites are known to produce rare nonfunctional (spanandric) males (17), as is common for parthenogenetic animals in general (38) , including the ''ancient asexual'' darwinulid ostracods (39) . In parthenogenetic oribatids, nonfunctionality of males is caused by incomplete spermatogenesis, and females ignore spermatophores if they are formed (40) . Nonfunctionality has also been indicated by population genetic studies because populations are unaffected by male presence (41) . Why spanandric males persist despite the costs to produce them is unclear. Presumably, such males form as developmental ''accidents,'' as in other parthenogenetic species (42) and, being rare events, the costs of nonfunctional males may be negligible. Irrespective of the mechanisms involved, the occasional formation of spanandric males in parthenogenetic Camisiidae presumably facilitated the capture of functionality of ancestral genes for male production over long evolutionary timescales and therefore the reevolution of sex in Crotoniidae. Knowledge of the genetic and epigenetic mechanisms controlling developmental cascades that lead to male production will answer these questions.
Conclusion
In summary, parthenogenetic radiations are infrequent events in evolution, and the previously unrecognized reevolution of sexual reproduction from parthenogenetic ancestors is even more rare. In general, most parthenogenetic taxa have close sexual relatives and contain few species; in Desmonomata, especially in Camisiidae/Crotoniidae, the pattern is reversed with few sexual taxa within a large cluster of parthenogenetic species. Results of the present study suggest that Crotoniidae indeed reevolved sex, which is a spectacular case of breaking Dollo's law, implying that parthenogenesis is not necessarily an evolutionary dead end. The reevolution of sexual reproduction in Crotoniidae within the ancient clade of parthenogenetic Camisiidae suggests that sexual reproduction is indispensable at certain environmental conditions. Oribatids are an ideal model group to explore these conditions and therefore unravel the enigma of the evolution of sexual reproduction and the conditions under which these reproductive modes prevail.
Materials and Methods
Taxon Sampling. In total, 30 oribatid mite species were sampled. Oribatid mites are commonly ascribed to six major groups, Palaeosomata, Enarthronota, Parhyposomata, Mixonomata, Desmonomata, and Brachypylina (19, 40) . Parthenogenetic clusters are most common in Enarthronota and Desmonomata, which are early-and middle-derivative groups, respectively. We focused on Desmonomata, comprising seven families with 36 genera and Ϸ500 described species (17, 19, 43) . In addition to having the large parthenogenetic families Trhypochthoniidae (68 spp.), Malaconothridae (104 spp.), Camisiidae (92 spp.), and Nanhermanniidae (56 spp.), Desmonomata include two families, Crotoniidae (45 spp.) and Hermanniidae (80 spp.), that reproduce only sexually and one family, Nothridae (54 spp.) , that has both sexual and parthenogenetic genera. Representatives of all seven families of Desmonomata were included to ascertain whether sexuality in these families appeared to be ancestral or derived with respect to other Desmonomata (Table 1) . Camisiidae were most heavily sampled, because a close relationship to Crotoniidae was hypothesized. Other desmonomatan families were represented by a single genus, because their reproductive modes were internally constant.
Several species of Brachypylina, the ''higher'' oribatid mites, were sampled to ascertain monophyly or paraphyly of Desmonomata. Members of Enarthronota and Mixonomata were sequenced for use as respective outgroups and were selected on the basis of earlier phylogenetic studies (9, 19, 20) . Parhyposomata and Palaeosomata were not included, because they are small taxa having no apparent bearing on our objectives.
Oribatid mites were collected from litter and soil at different localities in Germany, Poland, the U.S., New Zealand, and Russia. We complemented the data set with sequences available at GenBank (Table 1) .
Sample Preparation, PCR, and Sequencing. Total DNA was extracted from 1 to 10 individuals by using Qiagen (Hilden, Germany) DNeasy kit for animal tissues following the manufacturer's protocol (but elution in 30 l instead of 400 l; Qiagen). Amplifications for the18S region, hsp82, and ef1␣ were performed either in 50-l volumes containing 1 l of each primer (100 pmol/l), 4-8 l of DNA, and 25 l of HotStarTaq Mastermix (2.5 units of HotStarTaq polymerase, and 200 M each dNTP and 15 mM MgCl 2 buffer solution; Qiagen) or in 25-l volumes by using half the amount of reagents. The primers used and the PCR programs are given in supporting information (SI) Tables 2 and 3 . PCR products were visualized on 1% agarose gels and purified by using QIAquick PCR Purification kit (Qiagen). PCR products were either prepared for direct sequencing or cloned by using Qiagen PCR Cloning kit and transformed into Escherichia coli Nova Blue Singles competent cells (Novagen, Darmstadt, Germany) by heat shock by using the manufacturer's protocol. The plasmids were purified by using FastPlasmid mini kit (Eppendorf, Hamburg, Germany). DNA was sequenced by Scientific Research and Development (Oberursel, Germany), Qiagen Genomic Services, (Hilden, Germany), or Macrogen (Seoul, Korea). All sequences are available at GenBank (for accession numbers, see Table 1 ).
Alignment and Phylogenetic Analysis. Because the parameters of the evolutionary models of the three data sets were very similar, DNA sequences of 18S, hsp82, and ef1␣ of 30 oribatid mite taxa were combined in a supermatrix and aligned by using the default settings in ClustalX (44); the alignment was modified by eye. The evolutionary model parameters were determined with Modeltest 3.7 (45) by using a hierarchical likelihood ratio test. The model of evolution was TrNϩIϩG (46) with base frequencies A ϭ 0.3082, C ϭ 0.2238, G ϭ 0.2484, gamma distribution shape parameter ␣ ϭ 0.5819 for four categories of among-site variation, and fraction of invariant sites I ϭ 0.5915. The substitution rates were estimated as A-C, A-T, C-G, and G-T ϭ 1.0, A-G ϭ 2.7550, and C-T ϭ 4.8958. Phylogenetic trees were constructed by using NJ, MP, and ML algorithms as implemented in PAUP* 4b10 (47) . MP and ML trees were constructed with a heuristic search of 100 random additions, and the tree-bisection reconnection (TBR) branch-swapping algorithm with the option to collapse zero branch length. A strict consensus tree was constructed for both. Reliability of the branches was ascertained by bootstrap analyses for NJ (100,000 replicates), ML (100 replicates, heuristic search), and MP (10,000 replicates, heuristic search) in PAUP*. Bayesian phylogenetic analysis was performed with MrBayes version 3.1.2 (48) by using the settings for GTRϩIϩG with three independent runs of 3 million generations and four chains each; rate matrix and base frequencies were estimated, and trees were sampled every 300 generations. A majority consensus tree was generated by using a burn-in of 2,000.
Ancestral states and the history of character evolution were investigated with parsimony and likelihood algorithms by using the StochChar package in Mesquite (49, 50) . Likelihood analyses were calculated under a symmetrical model with equal rates for the loss and regaining of sex and an asymmetrical model with independent rates estimated by ML algorithm. Asymmetrical models with higher rates for the loss of sex (5:1, 10:1) were also tested. Probabilities were calculated assuming equal length for all branches on the basis of the topology of the ML and Bayesian tree.
Separate analyses (NJ, MP, ML, and Bayesian) of the three data sets gave slightly different topologies among desmonomatan families, but internal topologies were identical (data not shown). The Camisiidae/Crotoniidae group was always supported by high support values, and Novonothrus occupied a basal position within Nothridae.
